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English/Metric Conversion Factors

Lemgphi
To
Fro Cm m iKm in ft s mi nmi
cm 1 0.01 1x10-5 0.3937 10.0328 16.21x10°6 | 5.39x106
m 100 1 0.001 39.37 |[3.281 |0.0006 0.0005
Km 100,000 [1000 |1 30370 [3281 (0.6214 0.5395
in 2.540 0.0254 [ 2.54x10°% | 1 0.0833 | 1.58x10°5 | 1.37x105
ft 30.48 0.3048 | 3.05x10% | 12 ] 1.89x104 | 1.64x104
smi |160,900 {1609 [1.609 63360 [5280 |1 0.8688
nmi 185,200 | 1852 |1.852 72930 | 6076 |1.151 1
Area
To
Fro Cm?2 m3 Km2 in2 ft? S mi? nmi2
cm2 |1 0.0001 xmo: '8 0.1550 0.0011 3.86x10" | 5.11x10+
m3 10,000 1 1x10-8 1550 10.76 3.86x10-Z | 5.11x107
KmZ | 1x10'6 1x108 1 1.55x108 | 1.08x107 | 0.3861 0.2914
inZ 6.452 0.0006 6.45%x10-1Q | | 0.0069 2.49x10-'€ | 1.88x10: ¥
ft2 929.0 0.0929 9.29x10-8 | 144 | 3.59x108 | 2.71x10-8
S miZ| 2.59x10%8 | 2.59x106 | 2.590 4.01x10% | 2! 78x107 |1 0.7548
nmi2 | 3.43x1010 | 3.43x106 | 3.432 5.31x109 | B70x107 |1.325 !
Volume
To
Fro cmd Liter m3 in3 ft3 ve3 fl 62 fl pt fl qt gl
cmd |1 0.001 | 1x10:6 0.0610 | 3.53x10:5 | 1.31x10-8 | 0.0338 | 0.0021 | 0.0010 |0.0002
liter 1000 1 0.001 61.02 |0.0353 0.0013 33.81 |2.113 |1.057 |0.2642
m2 1x106 1000 | ! 61,000 | 35.31 1.308 33,800 | 2113 | 1057 |264.2
in3 16.39 0.0163 | 1.64%10:3 | 1 0.0006 2.14x102 | 0.5547 | 0.0346 | 2113 |0.0043
i) 28,300 |28.32 |0.0283 1728 | ! 0.0370 957.5 |59.84 |0.0173 |7.480
vd3 765,000 |764.5 |0.7646 46700 |27 1 25900 | 1616 |807.9 |202.0
flez |29.57 0.2957 | 2.96x10-5 | 1.805 |0.0010 3.87A05 |1 0.0625 | 0.0312 |0.0078
fipt |473.2 0.4732 | 0.0005 28.88 |0.0167 0.0006 16 1 0.5000 |0.1250
fiqt |946.3 0.9463 | 0.0009 57.75 |0.0334 0.0012 32 2 ! 0.2500
gal 3785 3.785 |0.0038 231.0 |0.1337 0.0050 128 8 4 1
Mass
To
Fro g K(g oz Ib ton
g | 0.001 [0.0353 | 0.0022 | 1.16x166
Kg 1000 ! 35.27 |2.205 |o.0001
0z 28.35 0.0283 |1 0.0625 | 3.12x10:2
Ib 453.6 0.4%536 | 16 ! 0.0005
ton 907,000 [ 807.2 (32,000 | 2000 |1
Temperature
oC = 9/5 (OF - 32)
OF = 5/9(8C) + 32
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where it is in kilometers. Braces are used around parameter dimensions when partic-
ular units are called for or when a potential dimension difficulty exists. A list

of symbols is provided in the appendix.

2. PROPAGATION MODEL

The 1F-77 propagation model is applicable to air/ground, air/air, ground/satel-
lite, and air/satellite paths. It can also be used for ground/ground paths that are
line-of-sight or smooth earth. Model applications are restricted to telecommunica-
tion systems operating at radio frequencies from about 0.1 to 20 GHz with antenna
heights greater than 0.5 tn. In addition, radio-horizon elevations must be less than
the elevation of the higher antenna. The radio horizon for the higher antenna is
taken either as a common horizon with the lower antenna or as a smooth earth horizon

with the same elevation as the lower antenna effective reflecting plane (Sec. 3.3).

At 0.1 to 20 GHz, propagation of radio energy is affected by the lower, noniom-
ized atmosphere (troposphere), specifically by variations in the refractive index
of the atmosphere [1, 2, 3, 4, 6, 9, 18, 23, 30, 33, 34i. Atmospheric absorption
and attenuation or scattering due to rain become important at SHF [23, Ch. 8; 28;
34, Ch. 3]. The terrain along and in the vicinity of the great circle path between
transmitter and receiver also plays an important part. In this frequency range,
time and space variations of received signal and interference ratios lend themselves

readily to statistical description [18, 25, 27, 32, 34, Sec. 10].

Conceptually, the model is very similar to the Longley-Rice [26] propagation
model for propagation over irregular terrain, particularly in that attenuation
versus distance curves calculated for the line-of-sight (Sec. 5), diffraction
(Sec. 4), and scatter (Sec. 6) regions are blended together to obtain values in
transition regions. In addition, the Longley-Ric® relationships involving the
terrain parameter Ah are used to estimate radio-horizon parameters when such infor-

mation is not available from facility siting data (Sec. 3.2). The model includes

allowance for:
1. Average ray bending (Sec. 3).
2. Horizon effiscts (Sec. 3).
3. Long-term power fading (Sec. 10.1)..
4. Antenna pattern (elevation only) at each terminal (Sec. 5.2.4).

5. Surface reflection multipath (Sec. 10.2).



6. Tropospheric multipath (Sec. 10.3)..

7. Atmospheric absorption (Sec. 9).

8. lonospheric scintillations (Sec. 10.5).
9. Rain attenuation (Sec. 10.4)..

10. Sea state (Sec. 5.2.2).

11. A divergence factor (Sec. 5.2.1).

12. Very high antennas (Sec. 8).

13. Antenna tracking options (Sec. 5.2.4)..

Computer programs that utilize YF-77 calculate transmission loss, power avail-
able, power density, and/or a desired-to-undesired signal ratio. These parameters
are discussed in Sections 2.1 through 2.4. A computational flow chart is provided

in Section 2.1 for transmission loss.

2.1 Transmission Loss
Transmission loss has been defined as the ratio (usually expressed in decibels)
of power radiated to the power that would be available at the receiving antenna
terminals if there were no circuit losses other than those associated with the
radiation resistance of the receiving antenna [34, Sec. 2]. Transmission loss
levels, L(q), that are not exceeded during a fraction of the time q (or 100 g percent

of the time) are calculated from:

L(g) = Lp(0.%) + L, = 6EF = 6R - Vx(q) ¢B (1)

where LB(O.S» is the median basic transmission loss [32, Sec. 10.4], LgB is the path
antenna gain-loss [26, Sec. 1-31, GE¥ and GER are free-space antenna gains for the
transmitter and receiver at the appropriate elevation angle, respectively, and YE(q)

is the total variability from equation 229 of Section 10; i.e.: (229).

Median basic transmission loss, Lg(ﬁ.ﬁ»” is calculated from:

Lp(0.5) = Lpy + Ay + A,  dB (2

where LBF is a calculated reference level of basic transmission loss, AV, is a con-
ditional adjustment factor, and A, is atmospheric absorption from (228) of Section 9.

The factor, A¥” from (243) of Section 10.1, is used to prevent available signal

3



powers from exceeding levels expected for free-space propagation by an unrealistic
amount when the variability about LB(O.S» is large and LB(O.S» is near its

free-space level.

Free-space basic transmission 10ss9 LBF: from (226) of Section 8, terrain atten-
uation, AT, from {(221) of Section 7, and a variability adjustment term, Vé(@.ﬁ»”
from (240) of Section 10.1, are used to determine LBr; i.e.:

bor = bop T A7 - Ve(0-B) B ©)

The value for Lgp in (1) is taken as 0 dB in the IF-77 model. This is valid
when (@) transmittimgy"amtl receiving antennas have the same polarization and (b) the

maximum antenna gain is less than 50 dB [26, Sec. 1-3i.

values of GET and GEj for (1) are obtained from GET = GF + G\f and
Gen = OR * G 1-e-

Get,R = Br,R + Bhr,p  OBH &
where G¥,B‘is the transmitter or receiver main-beam maximum free space antenna gain
in decibéls greater than isotropic (dBi), and GN}’R is a normalized transmitting or
receiving antenna gain in decibels greater than maximuwm gain that gives relative
gain“for the appropriate elevation angle, These gains are all model input parameters.
Normalized vertical (elevation) antenna patterns are used to define GN¥’5 so that
gain values can be obtained for elevation angles at which the maximum gdim is not
appropriate. The calculation of these elevation angles is discussed in

Section 5.2.4. Horizontal antenna patterns are not usually considered part of the
1F-77 model, but an allowance for them can be made by adjusting G},R values.
However, horizontal patterns have been included in one computer pragram called TWIRL
[20, p. 61i.

Variabilities associated with long-term power fading, surface reflection multi-
path, tropospheric multipath, rain attenuation, and ionospheric scintillation are
included in Y,"(q) of {(1).. These are all discussed in Section 10. Since the adjust-

ment terms associated with long-term power fading are inclluded in the calculation
of LB(0.5)., ¥6(0.9) = 0.

A computational flow diagram for L(q) is provided in Figure 1. Although only

those equations discussed in this section are included in the diagram, section ref-
erences are provided for the other calculations involved. Horizon and diffraction

4
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Values of AE are determined from:

AL =10 log (xé¢41) dB-sg m ®

where Xm is the wavelength in meters (33, Sec. 4.11). For a frequency of f [MHZ]:

299.7925/f m (b6ay

M

A = R,/1000 km (b6by

2.4 Desired-to-Undesired Signal Ratio
Desired-to-undesired signal ratios that are available for at least a fraction
time g, D/U(q) dB, at the terminals of a lossless receiving antenna are calculated

using [11, Sec. 3]:

B/U(e) = D/U(O.H) + ¥,{q) dB di

The median value of D/U(D.%)) and the variability YDU(q) of D/U are calculated as:

BIU(O-5)) = [DalB:6)Ipgsired, - P2(85) Bypdesived, (12)
Youll@) = 2 Jﬂgtaﬂf%gm * %0 = @)1lypdesiver €8 $E))
- for g 2 0.5

+ otherwise

Values of Pa(O.S» are calculated from (5) where Yg(0.%) = 0 by using parameters
appropriate for either the desired or undesired facility. Applicable variabilities
are calculated using the methods described in Section 10. Note that YDU(q) requires

the undesired facility Yy for (1 - g); e.g.:

¥R ©$) = - dua;(ﬂ“g)%%ﬁ?&j * oAOn)12yndesirecy



3. HORIZON GEOMETRY
Calculations associated with horizon geometry involve the use of the effective
earth radius concept in which ray bending caused by refraction within the troposphere
is simplified by using straight rays above an earth with an effective radius that is
selected to compensate for the ray bending [3, Sec. 3.6; 30l. The effective earth
earth radius, a, is calculated [34, Sec. 4] using the minimum monthly mean surface
refractivity referred to mean sea level, Ng” and the height of the effective reflec-

tion surface above mean sea level {msl), h;; i.e.:

Ng exp (-0.1057 hF)
Ng = greater of or N-units t&ﬂﬁ
200
a, = 6370 km (0155
a = ag[l’~ 0.04665 exp (0.005577 NI kn 16

Here N§ is surface refractivity at the effective reflecting surface, and ag is the
actual earth radius to three significant figures. Both N8 [20, p. 74, p. 941 and
hF [20, p. 83] are model input parameters.

When high (>T; km) antennas are involved, geometry based solely on the effective
radius method may:oyehestﬁmmme ray bending so that smooth earth horizon distances
become excessive [31].. This difficulty is compensated for in IF-77 by the use of
ray tracing in the determination of some key parameters such as effective terminal
altitudes (Sec. 3.1),, smooth earth horizon distances (Sec. 3.1),, and effective dis-
tance (Sec. 10.1).. In IF-77,, ray tracing is performed through an exponential
atmosphere [3, equations 3.43,, 3.44, 3.401] in which the refractivity, N, varies with

height above msh,, h, as:

N = Ng exp [- Cq (h - hP)j N-units a7
where
Ng
68 = log, (N:T*/\*N‘ ) (i@))
and
AN = -7.32 exp(0.005577 N%» N-units/km 9
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AIRCRAFT ALTITUDE ABOVE msli
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FIGURE 2. INPUT ANTENNA HEIGHTS AND SURFACE ELEVATIONS FOR IF-77.
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Osr1,2 = disri, 23 Ted (@3

"r1,2 ]
or
Np,p = lesser of | 0.5 dfzﬁgzl]'g/a it 6gRy 3 2 0.0 vad km (24)
éB@@(@%adL5é9 = 1l  otherwise ! J
Aer,2 2 etz ~Mep,2 KO (@)

The final value of a smooth earth horizon distance, dt%ﬁ,g, is taken as the
ray tracing value for high antennas (@hg 3 * 0) or computed via effective earth
radius geometry, dnghhg;i.ﬁ.:

Qusen 2 = Vats , K (26)

isri,2 if Aer,2 30

disi,2 = K @)

,dLsEI,Z otherwise

Qs = dian T dis2 km (28)

In addition, the ray elevation angle BggRl , resulting from ray tracing is taken as

the final ray elevation angle when Ah%H % >0; i.e.:

rad QZQ}

91,2 = dLs1,2/8

Yosr1,2 1T APy 3> 0

rad (€]

"

@esI,Z

-vsl 2 otherwise
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88%'! if Ah,, =0
46y

[a:0]
IR

el
otherwise use ray tracing
gLIEI] ‘lffAlneq 1=0 '

dus = @)

otherwise use ray tracing |

The ray tracing referred to in (40) and (41) is started at the horizon elevation,
hEFﬂ” with a take-off angle of -Bt and continues until the facility antenna height
h;ﬁ is reached. Then, the great-circle distance traversed by the ray is taken as
ngf and the negative of the ray arrival angle is taken as E%T‘ The take-off angle

used is calculated from:

ReEl 1(dLE1/ a) 42y

Figure 5 provides a summary of the logic used for facility horizon determination.

o

The distance dtﬁ% shown in Figure 4 is taken as the distance under a ray traced
from the facility horizon with a take-off angle of Ot from (42) to the aircraft
altitude of h%_ This distance is then used with qkiﬂ,% from (27) to calculate the
maximum line-of-sight distance th which is also showp in Figure 4; i.e.:

T
rd +d for smooth earth; i.e., Ah = 0

Lsl Ls2
1 (a + he])cosee] _ )
gML _ < a(Cos ( RN - Qe" if Ahe2 = 0 km Q&Q))
\ e’
dL] + dLR2 otherwise )
\ .

3.3 Aircraft (Or Hjigher Antenna) Horizon

Aircraft horizon parameters are determined using either (a) case 1, where the
facility horizon obstacle is assumed to)provide the aircraft radio horizon, or (b)

case 2, where the effective reflection surface is assumed to provide the aircraft
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with a smooth-earth radio horizon. The great-circle horizon distance for the
aircraft, dt%” is calculated using the parameters shown in Figure 6 along with the
great-circle distance, d, between the facility and the aircraft; i.e.:

dg =923 Py K7 )

Gm=GnTdst « Jls2 @5
d-dil ifdy <d<d ,,

- L ME <@ < diy - @)

gLs? otherwise

Here, htpﬂ is the height of the facility horizon obstacle above the effective reflec-
tion surface from Figure 5, and d is the smooth-earth horizon distance for the

obstacle (i.e., a is from (16), dp} is from (41), and dis3 is from @1). The
horizon ray elevation angle at the aircraft, 0g32., is measured relative to the hori-

zontal at the aircraft, with positive values assigned to values above the horizontal.
It is calculated from:

s}
Ve2 i i
nLri\ Horizontal at aircraft
i____> \\\~\‘~“'Case 1, obstacle horizon

Case 2, smooithwearth horizon

Not drawn
to scale

i
i

FIGURE 6. GEOMETRY FOR AIRCRAFT RADIO HORIZON
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F-0-A for dﬁ where th corresponds to the maximum line-of-sight distance and dﬁ is
the shortest beyond-the-horizon distance that involves both the facility horizon

obstacle and a smooth-earth horizon for the aircraft.

Rounded-earth and knife-edge diffraction calculations are discussed in

Sections 4.1 and 4.2, respectively. Section 4.3 deals with the determination of the

diffraction attenuation, A%-

4.1 Rounded-Earth Diffraction

Rounded-earth diffraction calculations in 1IF-77 involve the determination of

straight-line attenuation versus distance parameters for paths F-O-ML and 0-A of

Figure 7. Key parameters for these calculations are as follows:

heh from (24) for path F-0O-ML
km

hepll
hpry from (39) for path 0-A

ep2 hez km from (24) for both paths
dt% from (41) for path F-O-ML

ngﬂ km
gL@ﬂ _ gsL from (44) for path 0-A

[ gML - gLﬂ for path F-0-ML

with de from (43)

4 km

dte% = dtg% from (27) for path 0-A

8Lp2

( Attenuation line intercept

AE for path F-O-ML dB

g

1
A

\_ AB for path 0-A

20

(80

&)

@3

D)
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Gl el t UL+ dBh oo @
v = 5.1658 sin (0.56, ) /dLid sp/(dl T dlgp) 80y

v i‘é cms((%z)) dt, S, = ié sin @2)) dt CD)

c

where these are Fresnell integrals [34, p. 111-18i.

f,= 05 d [ - @€ + SIT+(cy - Y2 (92)
AkA = Apg - G5Eh - GEQY - 20 log fy  dB €5))

4.3 Diffraction Attenuation, Aq
Diffraction attenuation, Ag, is calculated using the rounded-earth diffraction

(Sec. 4.1) and knife-edge diffraction (Sec. 4.2) parameters just discussed; i.e.

( .
1 when dML z-dLs (rounded-earth only)
0 when d, < 0.9 dLS (knife-edge only)
TT(dLs - dML)
0.5 L 1 + cos R otherwise
: Ls
L (combination of both) )

where the maximum line-of-sight distance, th” is from (43), and the total smootih-
earth horizon distance, dj§, is from (28):

AFMt ifw>0.999
_ Agip i W c 0.0l  dB (95)
(a-w Al + WAr otherwise

AL

where Apjl = Aff from (85) with d = dy} and Agj is from @7).-

o= Guntdea K (%)
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When both antennas are high and close (i.e., two close aircraft), the relative
magnitude of the reflected ray will be reduced because the reflected ray length is
much longer than the direct ray length (i.e., larger free space loss for reflected
ray) [15, Sec. 3.3]. The ray length factor, Fr, in (119a) is used to account for
this.

The formulation for DV and Fg may be summarized as follows:

Hy o if 4 = 90°
't T oy (126)

D] 2/cos Y otherwise

where Hy } are from (106); the grazing angle, $ (Fig. 8), is a starting parameter
for the 4r formulation of Section 5.1; and D% % are from (109)

r.r
Rp. = 1.2 km (121)

where ry 3 are from (120) and ri3 is “from (113)

( 5%) w27
2R. (I + sinZy
~ r r <3
Dy = L agsin § * (—7i; )
where ag is from (104),, and
Fr = requ% 23y

where r, is from 112).

5.2.2 Surface Roughness Factors
Surface roughness factors for specular, th, and diffuse, F98ﬂ* reflections

are calculated as follows:

Ay = ah [# - 0.8 exp (-0.02d)] m 24y
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5.2.3 Counterpoise Factors
Counterpoise factor, fa, in (119a) is used to provide some reduction in the
nedfllectiom from the earth®s surface when this reflecting surface is shadowed by the
counterpoise. Counterpoise factor, fE” in (119h)) is used to provide some reduction
in the reflection from the counterpoise because of the limited area of the counter-
poise. When there is no counterpoise, f% = 1 and fE = 0. These factors are deter-
mined with the geometry shown in Figures 9 and 10 by using knife-edge diffraction

considerations as follows:

]
8.e = Tan=,(2 hg,/d) rad (136)

where hFE is the height of the facility antenna above its counterpoise from (22),
and dg is the counterpoii se diameter which is an IF-77 model input parameter

(20, p. 88i.

r
C

6Kg

0.5 dg/cos egg  km 131y
legedl = W8yl rad 3

where 0p} is from (116)=

vy = FEED 33

\A
v

where A is from (16b)..

Yee - ehlld rad (134

ekc

where B%ﬁ is calculated using counterpoise parameters in (106) through (118).

- for ,ertllfc 088) 35

t otherwise

Vg = + Yy sin (é%g/z» (

for Oh] >6
ve = Y, sin (0, /2) (135)

otherwise
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C
;€

A \
1\@/898 cos (“—52) dt , Sy . = [ 95¢ sin(%z—) dt (136)

where these are Fresmell integrals [34, p. 111-181.

Toye = o5Np - (g ¢ + 5g.t0F + (Cg,6 - 5g,6)° Qs7y
¢ = Tan-]( © g geg ) rad (138
e © g T g6

The angles $§% & are phase shifts that will be used later in Section 5.4.

5.2.4 Antenna Pattern Gain Factors
i are used to allow for situations where
The antenna gain factors gB’B and QBB,¥

the antenna gains effective for ihe direct'ray path differ from those for the
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where isotropic implies that, for the radiation angles of interest, gﬁﬁ = gB% and
ng _ 802, In problems involving elliptical polarization, horizontally polarized
ggh®ﬂ’2 and ﬂh@ﬂ,QQ and vertically polarized (g&B%’% and gvﬁﬁfﬁ» components are used.

Linear polarizatjom is considered to be either vertica@ll or horizontal with the polar-
ization associated with qB”B selected accordingly. Defining gﬁ as 1 for elliptical
polarization is done to allow the antenna gains to be included in the reflection
coefficient formulation of 1F-77 in a simple way for horizontal or vertical polari-

zation. Circular polarization is a special case of elliptical polarization; i.e.,

ghp1,2 = §wp1,2

The gain factor gﬁv is similar to gﬁ except that gﬁv involves gains gv&ﬁgg; i.e.:

1 for isotropic antennas
9vr19vR2 otherwise

In a similar manner,

1 for isotropic antennas
9hR19nR2 otherwise

where gﬁﬂ is for horizontal polarization. These factors will be used in the formu-
lation of complex plane-earth reflection coefficients for elliptical polarization

that is given in the next section.

Several facility antenna patterns from which gain factors can be determined
are included in the computer programs that utilize 1E-77 [20, p. 85]. However,
data for other facility antenna patterns or aircraft antenna patterns can be used.
These programs also include an option to tilt the main beam of either or both
antenna(s) relative to the horizontal, or have either or both antenna(s) track the
other with its main beam [20, p. 891. The patterns involved here are vertical plane
antennd patterns. Gain variations with azimuth can be accommodated by adjusting

G$gﬁ in (4), and GN%;& for (4) are obtained from:
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When a counterpoise is present, it will have a set of gain factors associated
with 1t where the earth or counterpoise set values are determined by the values used
for H 3 in (106) to calculate 6k 3 and €r} 2. For example:

calculated with parameters appropriate for a

9Rg = §R ground reflection (149%a)
_ calculated with parameters appropriate for a
8R¢ = 9% counterpoise reflection (149b)

5.2.5 Plane-Earth Reflection Coefficients
Values for the plane-earth reflection coefficient, R exp(-ji®)., are dependent
upon the dielectric constant, E, and conductivity, ct, of the surface involved. For

water:

1 & 156y

2T(E - ).
a[mho/m] = — 2865 + d. @.51)

1

where €g is the static dielectric constant, & = 4.9 is the dielectric constant
representing the sum of electronic and atomic“polarﬁzmﬁtnnﬁ, f[MHZ]) is frequency,
TLps]l is relaxation time, and oifmholmﬂ is the ionic conductivity. The values for
Eg,iT, and o} for water [15, p. 26] were obtained using Saxton and Lane [36]. When
(150,151) are not used, appropriate £ and a values are taken from the Applications
Guide [20, p. 89]. The formulation for R exp (- j$) may be summarized as follows:

= E-j 60 Ag @ (152)
where Ag is from (10a)..

Yo = /) (163)
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where the geometry used in calculating gain factors (Sec. 5.2.4) is dependent on
the use of H‘,% values in (106) that are appropriate for either ground or counter-

poise reflection.

The total phase lag of the reflected ray relative to the direct ray for ground,
t
@Tg, or counterpoise, $$%, is given by:

%G = (PAOUA) + 80 £ 0L ¢ dige e s

where Arg c is from (114), A is from (16b), $ngf is from (138),, and v%’f is from
(135).. If there is no counterpoise, the last tie terms of (157) may be"neglected
since they are the phase lag introduced by knife-edge diffraction over the counter-

poise.

5.3 Line-of-Sight Transition Distance, dg
The largest distance in the line-of-sight region at which diffraction is con-
sidered negligible is dg, In the 1F-73 model, it was estimated using the distance
at which the attenuation associated with a modified diffraction line is zero
[14, p. 661. The 1F-73 dg is called dd and in the 1F-77 model is calculated

as follows:

9 = 2 Sin = E(%} ‘/gm_/j'}dwfdm |:d»ui] vrad (168
where &l is from (43), f[MHz] is frequency, and d\:'l is from Figure 5:

e5 = ogg - Tn~{ e -ty veryn - QLU (159)
where hpk is from Figure 5, hl is from (21), and a is from 16.

h

hp - Mg km (166)

em2

where h3 is the aircraft altitude above msl (Fig. 2), and Atg is from (25)..
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where W is from (94), and

d = v = Aoy, - dg))/kAML - Ag) kn am

where A\ is from (95) and th from (43)..

Values estimated for d8 in 1F-73 have been found to be too small when low
antennas are used for both antennas. To correct this difficulty, d8 estimates in

1F-77 are made using:

dtﬁ when dkﬁ > dg

d8 = SX/G when dl/ﬁ * dtﬂ and dg km

gd otherwise

where dtﬁ is the horizon distance for the lower terminal (Fig. 5); d%,% is the dis-
tance at which the path length difference, Ar,in a two-ray line-of-sight formulation
is equal to A/6 (X is wave length); and dg is the dg of 1F-73 {14, p. 66]. The dis-
tance dx/% is the largest distance at which a free-space value is obtained in a
two-ray model of reflection from a smooth earth with a reflection coefficient of -1.

A value for dQ/g can be determined by the repetitive use of the line-of-sight formu-
lation (Sec. 5.1) to define the Ar to distance relationship; i.e., (102) through (118).

5.4 Line-of-Sight Attenuation, Atag

Line-of-sight attenuation, At@%ﬂ is calculated as follows:

1 if lobing option is used and Ar% < 10X

Feg = 1if Ar%é 0.5 X and 173
| 9p 1 Brg e4GitRG < 8p
0 otherwise

where Atg is from (114), X is from (10a), gR is obtained using earth reflection
geometry'as indicated in Section 5.2.4, and §$% & exp(—j$¥%) is from (119,157))..

a4



where W is from (94), and

d = v = Aoy, - dg))/kAML - Ag) kn am

where A\ is from (95) and th from (43)..

Values estimated for d8 in 1F-73 have been found to be too small when low
antennas are used for both antennas. To correct this difficulty, d8 estimates in

1F-77 are made using:

dtﬁ when dkﬁ > dg

d8 = SX/G when dl/ﬁ * dtﬂ and dg km

gd otherwise

where dtﬁ is the horizon distance for the lower terminal (Fig. 5); d%,% is the dis-
tance at which the path length difference, Ar,in a two-ray line-of-sight formulation
is equal to A/6 (X is wave length); and dg is the dg of 1F-73 {14, p. 66]. The dis-
tance dx/% is the largest distance at which a free-space value is obtained in a
two-ray model of reflection from a smooth earth with a reflection coefficient of -1.

A value for dQ/g can be determined by the repetitive use of the line-of-sight formu-
lation (Sec. 5.1) to define the Ar to distance relationship; i.e., (102) through (118).

5.4 Line-of-Sight Attenuation, Atag

Line-of-sight attenuation, At@%ﬂ is calculated as follows:

1 if lobing option is used and Ar% < 10X

Feg = 1if Ar%é 0.5 X and 173
| 9p 1 Brg e4GitRG < 8p
0 otherwise

where Atg is from (114), X is from (10a), gR is obtained using earth reflection
geometry'as indicated in Section 5.2.4, and §$% & exp(—j$¥%) is from (119,157))..

a4



where By pp.p is from (39, 47), a is from (16), the effective reflection surface
elevation, hr, is an input parameter, and dtﬁ % is from (41, 46).

dg = d - dph - d2 K Q)

where the great circle path distance, d, may be taken as an input parameter.

Ug O *¥y +dg/a rad (180)
d
e [[Q?Bg 1 eaz) s * hLo - hn__d /@3 ki Qsn

where hi|,2 are from (38, 48).

dyp = dg - dgh K (182)
A = 157 (10i) per kn (183
dN = Ay - al  per kn 184y
Ye = Ny QOR&)/@N K (88)

where N is from (14)..

2
d d
2,0 & (“‘212“’2) * %12 (““Z;“’z) tohe,z rHie)
2 42 4 + m Q&)
b1,2 iéﬁzn 2 + Tall 2 Qzn 2+ nLrﬂ,Z K
601,2 = A - dN exp(-ihy 1y oy Ob8)
eal,z = A, - dN exp(-Zy; Hl¥e) (189)
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K = 2wk per km

where Kk is the wave number and X is from ((iOb)..
Prgp = 28Ry 3

where hgj 3 are from (24).

2
81,2 :y\}al,z + B1,2

ES=6+852

t8(d+ S))éémglqg
t 8 (.- 5).3(‘2/,]9%‘%%

2
w2(1- s + Ak Bk
o +./? 2 P + /2 2 o5 + Pa
C. =12 ' LT
S p] p2 p] + p2 + 2/2
>
(An~ + B T]),q]qz
y =10 10'9( W + Cg dB

where SV is the scattering voluhe term, and

w
1]

A, = 8g t 8 + 10 log (Ke3/w) dB

where As is_the tropospheric scatter attenuation.
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where hti,% are from ((38,48)

fan = Fug * TRty Kk (224)
where dg is from (179)

T, Or rWﬁ for LOS
r = greater of or km (225)
d or rEﬁ othentiise

where r, is from (112),, and

Lpe = 32.45 + 20, Nog (fr) dB (226)

where frequency, f[MHZ], is a starting parameter [20, p. 82].

9. ATMOSPHERIC ABSORPTION

The formulation used to estimate median values for atmospheric absorption is
similar to the 1F-73 method [14, Sec. A.4.5].. Allowances are made for absorption
due to oxygen and water vapor by using surface absorption rates and effective ray
lengths where these ray lengths are lengths contained within atmospheric layers
with appropriate effective thicknesses. Geometry associated with this formulation
is shown in Figure 12 along with key equations relating geometric parameters. This
geometry is used to calculate effective ray lengths applicable to the oxygen, reg»
rain storm, rgg for Section 10.4, and water vapor, rew, layers for different path
configurations. The rain storm is assumed to occur between the facility and its
maximum LOS distance, th from (43), so that only the facility horizon ray is con-

sidered in the calculation of res for beyond-the-horizon paths.
f

For line-of-sight paths, (d g-dﬂt) where d is a specified parameter except in
H

the LOS region where it is calculated using (118), de is from k@@), the Figure 12
expressions are used to calculate effective ray lengths, reg & W%ﬁ%ﬂ Hyl,? _ oo
- 9

from (106), for earth, ay = ag from (104), and B = By from (115a))..
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For single horizon paths, (th <d2dy+ dka\) where di} is from Figure 5

and dk%ﬁ is from (52), the Figure 12 expressions are used with one (Rs§) or two
%&803%’ sets of starting parameters and the Rgg § W‘s obtained with these are
called r!gg S and r§88gw‘ In the,calculatian of rfgg,g,mp H@ﬂ = lesser of

%neﬂ or h&;i)'and H¥% = greater of (h%% or htpﬁ» where hel is from (24) and hieh is
from (39); ay = a from (16) and B = egl from oy if HYII = hgpe Otherwise g = 6}
from (42).. In calculation for Y260 Y H¥ﬁ = lesser of (hg% from (24) or hEFH» and
HYZ = greater of (hg% or htp%» with B = 8g2 from @9) if H¥H = hg%, otherwise

B = -6k“ Values for reg ggw are then obtained using:

km (227a))

res Fles

km (227)

r r +r
reo,w = rleo,w + r2eo,w

For two-horizon paths (dkﬁ + dk%ﬁ < d), the Figure 12 expressions are also used
with one (Rgg) or two (Rgggwj sets of input parameters. The results obtained are
calied €$?3,§3W and Fé@%,§gW’ where {227)“iis used to determine reo.s,w values. In
calculations for rng;%fW’ H¥q = lesser of {h%% or hV from (201)}., H¥% = greater
of {hgﬁ or hv}, B = gl if HY* = heys otherwise B = —Tan:J@%h where Bjh is from (196)..
In calculations for r§§8;§f%ﬁ H¥H = lesser of {hV or hg%ﬂ” H¥% = greater of {hv or
hg%}” ay = a and g = 8g3 if Hxﬂ = hg2, otherwise § = ~Tan§1€ﬁ%7WMQm2 ep3 is from (196))..

Surface absorption rates for oxygen and water vapor, Yoo iy @re used with

effective ray lengths, rgggw to obtain an estimate for atmospheric absorption,

A,; 1.e.,:

A, = Yoo Peg ¥ You Yew @B - (223)

Values for yoogW are obtained by interpolating between values taken from the

Rice et al. curves [34, p. 3-7].
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where d is a total smooth earth horizonydistance determined by ray tracing (Sec. 3)
a ? £ )

with N, = 329 in (17) which would correspond to a 9000 km effective earth radius
[34, p. 4-41

d for d < d
g{iBO /dq ord=<d,

dg =
L}30 +d - dq otherwise

km (282)

where d is the great-circle path distance and is a specified parameter except in the
LOS region where it is calculated via (118). Key parameters, g{0.l or 0.9,F), V(0.5)

and Yo(@.ﬂ or 0.9) for the long-term variability normally used are determined as
follows:

0.21 sin[5.22 log(f/200)J+1.28 for 60<f<1600 MHz
g(0.1,f) = (233a))
1.05 for £ > 1600 MHz

0.18 sin[5.22 1og(f/200)j+1.28 for 60<f<1600 MHz
9(0.9,f) = (233b))
1.05 for £ > 1600 MHz

f3 =1, t (fp - ) exp (-czdzz) (234)

and

J
—
~—

YO(0:15) = [cid%] - fg]] exp é—c@}%? + 13 dB (235)

-Yo(0

O
S

where the values used for the parameters c‘, c%” c%, Ny» n%, n§, fm, and f3, depend
on whether V(0.%) [34, Table 111.5, Climate 1], Y(0.D) [34, Table 1i1.3, all hours
all year], or Y(0.9) [34, Table 111.4, all hours all year] is calculated. This
selection is based on a recommended model [1I, p. 19] that was tested against
air/ground data [16, Sec. 4.3i. However, other options such as different time

blocks (Sec. 10.1.1),, climates (Sec. 10.1.2),, or a mix performed to meet particular
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OifAypzo
Ay = < 10 if Ayt b 10 j (243)

@Wﬂ otherwise

lesser of EYSI(Q» or Y1} for lobing
Y, (q<0.N) = dB (244)
lesser of EYei(q) or

L A= 1} - o

otherwise

where cY is 6, 5.8, and 5 dB for ¢ values of 0.000d, 0.001, and 0.01, respectively,

b = Ygle) B - (245)

10.1.1 Time Blocks

Long-term variability options for 1F-77 include variabilities appropriate for
the time blocks shown in Table 1 [20, p. 103l. These blocks and seasonal groupings
are used to describe the diurnal and seasonal variations in a continental temperate
climate [34, Sec. 111.7.1m]. They are incorporated into (235) by selecting appro-
priate constants from Rice et al. [34, Tables 111.2, 111.3, and 1il.4i. The
expressions for g(0.0,f) and g(0.9,f) given in (233) are used for time block varia-
bilities.

IT a combination of time blocks is appropriate, various distributions can be
mixed (Sec. 10.6)..

10.1.2 Climates

Options to use various climates are included in IF-77 [20, p. 103]; i.e.,
(1) equatorial, (2) continental sub-tropical, (3) maritime sub-tropical, (4) desert,
(5) mediterramean, (6) continental temperate, (7a) maritime temperate overland,
(7b) maritime temperate oversem,, and (8) polar. The formulation used is based on
algebraic expressions fitted to modified versions of curves provided in CCIR
Report 238-4 [7] by Hufford and Longley [DOC-BL,, informal communication;
15, Sec. 4.3; 29, Sec. 4.4.2%] and may be summarized as follows:
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F ;1 for Arg > 1OX} for lobing i
0 otherwise {option [20, p. 993
Ear = ‘1 for Arg 2 X/2 (249)
0.1 for Ar% 5 X/6 74  otherwise
otherwise
1.1-0.9 cos[3m(Arg- x/6)/
2

where Ar% is from (114b) and X is from (16b)

Rs = Rig (F AYFAr> (250)

where RE is the relative contribution of specular reflection to surface reflection
multipath power, and RTg is from (11§a),, Rg from (129) may be expressed as:

F
doh
= R L29N 261
Rd Tg(FohDv) (@51)
where R% is the relative contribution of diffuse reflection to surface reflection
multipath power, Fgah is from (128),, Fgy is from (127), and D, is from (122),

(R§ + Rg)/gg for L0S (d < dy )
Hy = " (@52

0 otherwise

where d is the path length obtained from (118) for LOS paths, dyp is from (43), and
gp is from (141).

10.3 Tropospheric Multipath
Tropospheric multipath is caused by reflections from atmospheric sheets or
elevated layers, or additional direct (nonreflected) wave paths [2; 9, Sec. 3.1,
and may be present when antenna directivity is sufficient to make surface reflections
negligible. It is considered as part of the short-term (within the hour) varialbill-
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Relative powers Wg and Wﬁ from (252) are combined to determine K, which is the
ratio in decibels between the steady component (e.g., direct ray), and the Rayleigh
fading component (e.g., surface reflection and tropospheric multipath) using:

K= -10 log (WR + Wa) dB (268)

The Nakagami-Rice probability distribution for Y%(q) of (229) is then selected from
the Rice et al. curves [34, p. V-81 by using K.

10.4 Rain Attenuation
The rain attenuation model used in IF-77 is largely based on material in
informal papers by C. A. Samson {(DOC-BL) on "Radio Propagation Through Precipitation”
and "Rain Rate Distribution Curves." This discussion is a shortened version of the
description previously provided [15, Sec. 4.4], and the maps and tables provided

there are not repeated here.

Two options for rain attenuation are available in IF-77. The first is for use
in a "worst case" type analysis where a particular rainfall attenuation rate is
assumed for the in-storm path length, and the additional path attenuation associ-
ated with rain is simply taken as the product of this attenuation rate (in dB/km)
and the in-storm ray length [20, p..94]l. This ray length is determined in accord-
ance with the method discussed in step 4 of option two.

Option two involves computer input of rain zone (which determines a rainfall
rate distribution) and storm size [20, p. 94). Storm size (diameter or long
dimension) is assumed to be one of three options: 5, 10, or 20 km (corresponding
approximately to a relatively small, average, or very large thunderstorm). The
maximum distance used in calculating path attenuation with this option is the storm
size since it is assumed that only one storm 1§ on the path at a time. The process
used to include rain attenuation estimates im%lF—77 for this option may be summarized

as follows:

1. Determine point rain rates. Point rain rates (rate at a particular point

of “observatiiam) not exceeded for specific fractions of the time are determined for

the rain zone of interest [15, p. 38i.

2.  Determimeg pathh. averpge rain rates. Each point rain rate resulting from
step 1 is converted to a path average rain rate by using linear interpolation to
obtain a multiplying factor [15, p. 39).

62



Relative powers Wg and Wﬁ from (252) are combined to determine K, which is the
ratio in decibels between the steady component (e.g., direct ray), and the Rayleigh
fading component (e.g., surface reflection and tropospheric multipath) using:

K= -10 log (WR + Wa) dB (268)

The Nakagami-Rice probability distribution for Y%(q) of (229) is then selected from
the Rice et al. curves [34, p. V-81 by using K.

10.4 Rain Attenuation
The rain attenuation model used in IF-77 is largely based on material in
informal papers by C. A. Samson {(DOC-BL) on "Radio Propagation Through Precipitation”
and "Rain Rate Distribution Curves." This discussion is a shortened version of the
description previously provided [15, Sec. 4.4], and the maps and tables provided

there are not repeated here.

Two options for rain attenuation are available in IF-77. The first is for use
in a "worst case" type analysis where a particular rainfall attenuation rate is
assumed for the in-storm path length, and the additional path attenuation associ-
ated with rain is simply taken as the product of this attenuation rate (in dB/km)
and the in-storm ray length [20, p..94]l. This ray length is determined in accord-
ance with the method discussed in step 4 of option two.

Option two involves computer input of rain zone (which determines a rainfall
rate distribution) and storm size [20, p. 94). Storm size (diameter or long
dimension) is assumed to be one of three options: 5, 10, or 20 km (corresponding
approximately to a relatively small, average, or very large thunderstorm). The
maximum distance used in calculating path attenuation with this option is the storm
size since it is assumed that only one storm 1§ on the path at a time. The process
used to include rain attenuation estimates im%lF—77 for this option may be summarized

as follows:

1. Determine point rain rates. Point rain rates (rate at a particular point

of “observatiiam) not exceeded for specific fractions of the time are determined for

the rain zone of interest [15, p. 38i.

2.  Determimeg pathh. averpge rain rates. Each point rain rate resulting from
step 1 is converted to a path average rain rate by using linear interpolation to
obtain a multiplying factor [15, p. 39).

62



10.5 lonospheric Scintillation

Variability associated with ionospheric scijjrttillation, YI(q) for (229),, for
paths that pass through the ionosphere (i.e., on earth/satellite paths) at an alti-
tude of about 350 km is included in IF-77Z. This variability may be specified
directly by the selection of a scintillation index group or by using a weighted
mixture of distributions where the weighting factors are estimated for specific
problems [20, p. 91; 15, Sec. 4.5{. Provisions are included to allow YI(q) to
change with earth facility latitude when a geostatiomary satellite is involved and
the earth facility locations are along the subsatellite meridian. When this pro-
vision is used, Y%%%(q) is obtained from previously prepared 136 MHz data
[15, p- 45) and Yi(q) is calculated as follows:

I for eﬂ:g 17° or egkg 52°

1+ (6 - 17)/7 for 17° < ef| < 2°
m= (262)
2 for 24° < Bf < 45°

1+ (52 - eff)/7 for 45° < €f < §2°

where BE& is the magnitude of the earth facilities latitude in degrees, and

Y@ = () geky)  dB (263)

Even though this scaling factor is built into the programs that utilize 1F-77, only
minor program modifications would be required to use other simple scaling methods.

In addition, the distribution mixing methods of >peition 10.6 could be used to create
Yf(q)'s applicable to specific situations.

10.6 Mixing Distribitions
Subroutines have been incorporated into the IF-77 computer programs to allow
the distributions that characterize portions of the variability associated with a
particular model component to be mixed in order to obtain the total variability for

that component. For example, different fractions of the time may be characterized
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When this process is used to mix distributions of long-term variability, the

required variability functions are obtained from:
Vb9 = EV(0.5) + WAL, U8 (@65

where . . .jg indicates that the V(0.5) and Y(q) are appropriate for the conditions
(e.g., time block or climate) associated with a particular value of the subscript c.
For example, V(0.%5) and Y(q) values for different climates can be obtained by using
247) with (236, 237) and mixing can be used to estimate variability for areas near a
border between two different climate types. After mixing, Y(g) values needed for

(239) may be obtained by using:

V() = W - V(0.9 dB (266)

where all variables in (266) are associated with the resulting mixed distribution.

Similarly, when mixing variabilities associated with ionospheric scintillation,

W &) = Yl dB (267)

and the distribution resulting from the mixing is taken as Yf(q) for later calcu-

lations.

11.  SUMMARY
The 1F-77 electromagnetic wave propagation model was discussed, and references
were provided so that more information on specific items could be obtained. A brief
description of the model provided in Section 2 is followed by a systematic discus-
sion of model components. Readers with a further interest in 1F-77 are encouraged
to obtain a copy of the "Applications Guide for Propagation and Interference

Analysis Computer Programs (0.1 to 20 GHz)" [20].

66



When this process is used to mix distributions of long-term variability, the

required variability functions are obtained from:
Vb9 = EV(0.5) + WAL, U8 (@65

where . . .jg indicates that the V(0.5) and Y(q) are appropriate for the conditions
(e.g., time block or climate) associated with a particular value of the subscript c.
For example, V(0.%5) and Y(q) values for different climates can be obtained by using
247) with (236, 237) and mixing can be used to estimate variability for areas near a
border between two different climate types. After mixing, Y(g) values needed for

(239) may be obtained by using:

V() = W - V(0.9 dB (266)

where all variables in (266) are associated with the resulting mixed distribution.

Similarly, when mixing variabilities associated with ionospheric scintillation,

W &) = Yl dB (267)

and the distribution resulting from the mixing is taken as Yf(q) for later calcu-

lations.

11.  SUMMARY
The 1F-77 electromagnetic wave propagation model was discussed, and references
were provided so that more information on specific items could be obtained. A brief
description of the model provided in Section 2 is followed by a systematic discus-
sion of model components. Readers with a further interest in 1F-77 are encouraged
to obtain a copy of the "Applications Guide for Propagation and Interference

Analysis Computer Programs (0.1 to 20 GHz)" [20].

66



AF Attenuation line intercept [dB] of rounded earth diffraction for
path F-0-ML (Figure 7), from (54,79).
A[ Effective area [[dB-sq mj of an isotropic antenna, from (9).

QKA Knife-edge diffraction attenuation [dB] for path F-0-A
(Figure 7), from (93).

AKME Knife-edge diffraction attenuation [dB] for path F-O-ML
(Figure 7), from (87)..

AKS Knife-edge diffraction attenuation [d8] at dg, from (168)..

ALG§ Line-of-sight attenuation [dB], from (177).

Am A parameter [km] used in tropospheric scatter calculations,
from (183).

AML Combined diffraction attenuation [dB] at th, from {(95)..

B ARB [dB] at dg, from (75).

Ao Attenuation line intercept [dB] of rounded earth diffraction
path 0-A (Figure 7), from (54,78).

A Rounded earth diffraction attenuation [dB] for path p,

P from (54,78).

A ArE [d8] at dj, from (85)..

Ack Rounded earth diffraction attenuation [dB] for path F-0-A
(Figure 7), from (85)..

AemL Ak [dB] at djy» From (85)..

ﬁrb Rounded earth diffraction attenuation [dB] for path 0-A
(Figure 7) at distance dtgﬁ, ficom (86)..

ARO Attenuation [dB]] in the line-of-sight region where the diffrac-
tion effects associated with terrain are negligible (d < dg)”
from (175).

AKG%) Attenuation [dB] due to rain for a fraction of time g,
from (260)..

Apxtﬁ» Attenuation rate [dB/km]] associated with rain and a fraction of
time g, (Sec. 10.4, Step 3).

Aps ARk [dB] at dg, from (169)..

A Forward scatter attenuation [dB], from {(220).
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dB/km
dB-sq

dBwW
dB-W/sq m

dN

da
4

dd
de
dn

AL

LM

LO1,2

Lp

Lpl,2

Lq

dre

Attenuation [dBJ per unit length [km].

Units for effective area in terms of decibels greater than
an effective area of 1 square meter; i.e., 10 log (area in
square meters).

Power in decibels greater than 1 watt.

Units of power density in terms of decibels greater than 1 watt
per square meter; i.e., 10 log (power density expressed in watts
per square meter).

A parameter [per km] used in tropospheric scatter calculations,
from (184).

A facility-to-aircraft (Figure 7) distance [km], from (96)..

Counterpoise diameter [km], a model input parameter [20, p. 88,
FACILITY ANTENNA COUNTERPOISE DIAMETER].

Initial estimate of dg, from Q7.
Effective distance [km], from (232).

A distance [km] used in facility horizon determination,
from (35)..

An initial value for the facility horizon distance [km] that is
based on effective earth radius geometry, and shown in Figure 4.
It may be specified GgZO, p. 901 or calculated as indicated in
Figure 5, from (33,36).

Maximum distance [km] for which the facility-to-aircraft path
has a common horizon, from (45)..

Smooth earth horizon distances [km] for path 0-A (Figure 7),

from (52,5))..

Total horizon distances [km] for path p, from (59)..
Radio horizon distances [km] for path p, from (52,58)..

Smooth earth horizon distances [km] determined via ray tracing
éSec) 3) over a 9000-km (4860 n mi) earth, discussed after
231)..

Horizon distance for aircraft shown in Figure 4 and discussed
preceding (43)..
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43,4

ds
dr/6

DOC-BL

DOT

ALY

Bv

Bi,2

exp( )

EIRP
EIRPG

fss
fe1,2

f@,prJ)

Rn,z,h

Fon

Distances [km] used in rounded earth diffraction calculation,

from (80,61).

A distance [km] calculated from (162).

The largest distance [km] at which a free-space value of basic
transmission loss is obtained in two-ray model of reflection
from a smooth earth with an effective reflection coefficient of
-1. This occurs when the path length difference, Ar from (114),
is equal to X/G.

United States Department of Commerce, Boulder Laboratories.
United States Department Of pramsport:atiton.

Desired-to-undesired signal ratio [dB]l exceeded for at least a
fraction q of the time. These values may represent instantaneous
levels or hourly median levels depending upon the time availa-
bility option selected [20, p. 103] and are calculated via (11).

Divergence factor, from (122).
Distances [km] shown in Figu:e 8 and calculated via (109).

2. 718288788 .
Equation.

Exponential; e.g., exp(2) = e2 or R exp(-ji$) = R%S%%EE is a
phasor with magnitude R and a lag of ¢ radians.

Equivalemt issdhapically radiated power [dBW] as defined by (7).

EIRP [dBW] increased by the main beam gain [dBi]] of the
receiving antenna as in (6).

Frequency [MHz], an input parameter [20, p. 82i.
Eacility site Surface (Figure 2).

A parameter used in GX weighting factor and calculated from (81)..
h

Knife-edge diffraction loss factors determined using Fresme]
integrals, from (137,42,167).

Parameters used in the normally used variability formulation
and discussed following (235).

Elevation angle correction factor, from (238).
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Gr1,2

Gr,R

G, 2

61,2,3.4

e
fe

"epi .2

he1,2

Voltage gain [V/V] similar to gBﬁ g, but specifically for
vertical polarization. '

Voltage gain [V/V] similar to gﬁ!,%ﬁ but specifically for
vertical polarization. ?

Gigahertz (109 Hz).

Gain [dBiJ] of the transmitting or receiving antenna at an
appropriate elevation angle, from (4).

values [dB] for the residual height gain function, from (83)..

Gﬁhﬂ » [dB] for path F-O-ML (Figure 7), from (56,84))..

G_ [dB] for path 0-A (Figure 7), from (56,84).
Fipl , 2

Values [dB]] for the weighted residual height gain function
(Sec. 4.2) for path p, from (56,84)..

Normalized gain of the transmitting or receiving antenna at
appropriate elevation angle in decibels greater than the main

beam (G} or Gﬁ)” from (145).
Gains [dB] Ry 3 expressed in decibels, frdﬁ (139).

Gain [dBi]] of the transmitting or receiving main beam for

oAy
Weighting factor, from (82)..

Parameters [dB] calculated from (71).

Ray height [km] above msll used in (17).

Height [km] of facility counterpoise above ground at the
facility site, an input parameter [20, p. 881.

An effective height [km], from (34)..
Effective aircraft altitude [km] above msl, from (160).
Effective antenna heights [km] for path p, from (50,51).

Effective antenna height [km] above hy (Figure 3), from (24),
and shown in Figure 3.
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1F-73
1F-77

ITS

Ka

Kt

K1,2,3,4
R

tog
188,

f1,2

LOS

L

bbf

ITS-EAA-1973 propagation model .

TISFRAAIBITZ propagation model.

institute for felecommumiicattiton Sciences.

#T as in (154) or index (1 to N) for specific transmission
loss distributions used in the distribution mixing process

(Sec. 10.6)..

An adjusted earth radius factor, from (103).

The ratio [[dB] between the steady component of received power
and the Rayleigh fadiimg component that is used to determine
the appropriate Nagagami-Rice distribution [34, p. V-8] for
Y%(q)” from (258).

Rounded earth diffraction parameters, from (65).
Rounded earth diffraction parameters, from (67)..
Kt values in the line-of-sight region, from (254).

K values at the radio horizon; i.e., K at d = di .
from (254). L6S e

K value associated with tropospheric multipath, from (256).
Rounded earth diffraction parameters, from (66).

Total ray length [km] in scatter calculation, from (204).
Common (base 10) logarithm.

Natural (base e) logarithm.

Ray lengths [km] to the cross-over point of the common volume
in tropospheric scatter calculations, from (203).

Line-of-sight.
Transmission loss [dB] values not exceeded during a fraction
g of the time. These values may represent instantaneous levels

depending upon the time availability option selected (Sec. 16),
apd are calculated using (1).

Basic transmission loss [dB] for the free space, from (226).
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41,2

dr,i.m

g, ij,m

eal,Z

Ba1,2
Bb1,2
8e1,2

o,

Nationall Telecomumiiczattitorss and Information Administration.

Minimum monthly mean surface refractivity (N-units) referred to
msl, an input parameter [20, p. 94.

Minimum monthly mean"surface refractive (N-units) at effective
reflection surface, calculated from N8 via (1%)..

Power [dBW] that is available at the terminal of an ideal
(loss-less) receiving antenna for at least a fraction g of
the time, from (5).

Total power [dBW] radiated from the transmitting antenna, used
in (7).

Dimensionless fraction of time used in time availability spegi-
fication; e.g., in LB(O.II)),, q = 0.1 implies a time avaiiaiility
of 10 percent.

Parameters used in tropospheric scatter calculations, from (216).

Time availabilities for mixed distributions that correspond to
specific transmission loss levels, from (264).

Time availabilities for each transmission loss level (index 1)
of each transmission loss distribution (index j) involved in
the distribution mixing distribution (Sec. 10.6).

Parameters used in tropospheric scatter calculations, from (189).
Parameters used in tropospheric scatter calculations, from (193).
Parameters used in tropospheric scatter calculations, from (ﬂQO),
Parameters used in tropospheric scatter calculations, from (194).
Parameters used in tropospheric scatter calculations, from (188).

Ray length [km] used in the calculation of free space loss,
from (225).

Ray length [km] for beyond-the-horizon paths, from (224)..
A distance [km], from (131).
Effective ray lengths [km] for attenuation associated with

oxygen absorption, {¥,,), rain storm attenuation (r,.). and
water vapor absorption (rgw)” from (227).
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SHF

Sin-"

Tan-"
TWIRL

TBO,S,W

UHF

\Y

V9,65
VHF

(74
v(0.5)
Vel®
Vo(0.5)

Vi ien

Super High Frequency [3 to 30 GHZ].
Inverse sine with principal value.

Scattering efficiency term [dB] used in tropospheric scatter
calculations, from (208).

Power density at receiving antenna locations [dB-W/sq m] for
at least a fraction q of the time, from (8).

A Eresmell integral [34, p. 111-181], for (92,137,16¥)).

Scattering volume term [dB] of tropospheric scatter calculations,
from (219).

A parameter defined and used in (83), the GF formulation.
h

Relaxation time [us] used in the calculation of water surface
constants, for (151).

Inverse tangent [rad]l with principal value.
A program name [20, p. 91.

Storm height or layer thickness (Figure 12) Jsed in attenuation
calculations for oxygen absorption (Teo)” rain storm attenuation

(Tes)” or water vapor absorption (Tgw)“
Ultra-iighh Frequency [300 to 3000 MHZ].
Knife-edge diffraction parameter, from (90)..

Knife-edge diffraction parameters used to determine fg Egg’
from (135,165)).. ’

Very High Frequency [30 to 300 MHZ).
Volts per volt.
A parameter [dB], from (235,246))..

Variability for specific climate or time block, from (265).
Variability adjustment term [dB], from (240).

Variability levels (V1,.T_ Via . - . VM) used in mixing distri-
butions (Sec. 10.6))..

A weighting factor used in combining knife-edge and rounded
earth diffraction attenuations, from (94).

Watts.
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Za1,2

p1,2

NN

1,2
Za1,2
Al,2

in,2

Variability [dB] associated with ionospheric scintillation,
from (263).

Yi(q)Jt for a particular distribution to be used in the mixing
process to obtain resultant YI(q), from (267)..

Variability [dB greater than median] associated with rain
attenuation, from (261).

A reference variability level used to caladiate Y(0.I) or Y(0.9).,
from (235,246)).. ’

A top limiting level when the calculations are in the lobing
mode in the line-of-sight region, from (241).

A parameter from (133).

Variability [dB] for (263) that is associated with ionospheric
scintillation at 136 MHz [15, p. 45).

Variability [dB greater than median] of received power used to
describe short-term (within-the-hour) fading associated with
multipath where q is the faction of time during which a particu-
lar level is exceeded (Sec. 10.3).

Total variability [dB greater than median] of received power
about its median, Y {N.5) = 0, where q is the fraction of time
for which a particufar value is exceeded, from (229). These
values may represent instantaneous levels or hourly median levels
depending upon the time availability option selected [20, p. 103,
TIME AVAILABILITY OPTIONS].

A parameter from (102)..

Parameters used in tropospheric scatter calculations, from (186).
Parameters used in tropospheric scatter calculations, from (187).
Parameters [km], from (107).

Parameters used in tropospheric scatter calculations, from (191).
Parameters used in tropospheric scatter calculations, from (195).

Parameters used in tropospheric scatter calculations, from (192).
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al,2

1,2

ce

ekl

9esRI,Z

esl,2

291;2

%,z

%,z

A parameter used in tropospheric scatter calculations, from

(211).

Scattering angle [rad]] used in tropospheric scatter calculations.
It is the angle between transmitter horizon to common volume ray
and the common volume to receiver horizon ray as both leave
their crossover point, from (197).

Angles [radj,, from (178).

Angles [rad]] used in tropospheriic scatter calculations; angles
between the common volume horizontal and the horizon to the
common volume rays as they leave their crossover point,

from (196).

An angle [rad]] shown in Figure 9, from (130).

An initial value for the facility horizon elevation angle [radj
that is based on effective earth radius geometry, and is shown
in Figure 4. It may be specified [20, p. 90, HORIZON OBSTACLE
ABOVE HORIZONTAL AT FACILITY] or calculated as indicated in
Figure 5.

Smooth earth horizon ray elevation angle [rad]l at the appropriate
terminal as determined from ray tracing (Sec. 3.1).. Illustrated
in Figure 3.

Final value for smooth earth horizon ray elevation angle [rad]
at the appropriate terminal, from (30).

Elevation angle [rad]] of horizon from the facility, from (40)..

Elevation angle [rad]] of aircraft horizon ray shown in
Figure 6, from (49).

An angle [[rad]l, from (163).
Magnitude of earth facility latitude [deg]] for (262).

Elevation angles [rad]l of the ground reflected rays at the
terminal antennas, from (148).

Parameter [radf] used to calculate Oiyy 3, from 115).
An angle [[rad],*from (158).

Direct ray elevation angles [rad] at the terminal antennas,
from (147).
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%g.e Angles [rad]l used in (135), from (132,134).
!

%L Elevation angle [rad] of horizon-to-aircraft ray at facility
horizon (Figure 4), from (42).
Q1.2 Horizon elevation angle [rad]] adjustment terms, from (146).
84 Central angle [rad], from (117).
8.2 Angles [rad]l used in (148), from (116).
L]
8¢ An angle [radjl,, from (180).
esRI ? Smooth earth horizon ray elevation angles [rad]l that are
’ obtained using ray tracing horizon distances with an effective
earth formulation and shown in Figure 3, from (23).
esl 2 Central angles [rad]l below the smooth earth terminal to
’ horizon distances, from (29).
8y Diffraction angle [rad]] for the 0-A path (Figure 7), from (89).
81 2 Angles [rad]] shown in Figure 8, from (108).
834 Angles [rad], from (57,58))..
o An angle [rad]jl, from (159)..
% An angle [[rad],, from (164).
K Wave number [per kml, from (214).
b Wavelength [km], from (10).
A Wavelength [mil, from (10)..
BS Microseconds []jlb_g set]l.
T The constant 3.141580%%4 . §
o, Parameters used in tropospheric scatter calculations, from

(215).

Surface conductivity [mho/mjl, a model input parameter [20, p. 99,
SURFACE TYPR OPTIONS].
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